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Ahatract,  Reaaarch  indleatea  that  traditional  aaaauraa  fail  to 
rata  hacard  froa  intanaa  iapulaai  aeeurataly.  Thia  failure  aay 
ba  dua  to  ineraaiad  ooeplaxltlaa  in  tha  aar'a  raaponaa  at  aueh 
high  aound  praaaura  lavala,  Tharafora,  to  gain  inaight  into  tha 
problaa,  we  hava  baan  davaloping  a  mathematical  aodal  of  tha  aar 
that  raprodueaa  tha  raaponaa  of  tha  aar  froa  fraa  fiald 
praaauraa  to  baailar  aaabrana  diaplaoaaanta  and  ealeulataa 
haaard  thara  (modeled  aa  aaehanieal  atraaa),  Thia  aodal  ia 
oonforaal  with  tha  atruetura  of  tha  aar  and  ineludaa  tha 
apaetral  tuning  of  tha  axtamal  and  aiddlo  aara,  a  non-linear 
atapaa,  and  a  ohanging  auaeaptibility  along  tha  eoehlaar 
partition,  Tha  nodal  can  ba  uaad  to  ealeulata  a  haaard  indax 
for  virtually  any  inpulaa  and  although  work  la  atlll  continuing 
on  tha  davalepnant  of  tna  nodal,  it  la  thua  far  abla  to 
"explain"  tha  haarlng  lota  data  battar  than  any  other  ayatan, 

If  tha  aodal  vara  Incorporated  ineo  an  Integrated  clroult/natar , 
it  would  have  tha  vlrtuaa  of  being  eonplax  enough  to  rata  haaard 
aeeurataly,  be  alaple  to  uaa  and  baeauaa  it  la  theoretically 
baaad,  be  uaaful  in  auggaating  daalgn  ehangaa  for  inpulaa 
producing  aourcaa  aa  vail  aa  nora  effective  detlgna  for  haarlng 
protaotora,  . 


IntrafluBClnn 

.  ,  Aa  the  experimental  evidence  nounte, 
4,12,17,1S,Z4,Z«  become  Lneraatlngly 

apparent  that  axiating  daaaga-rlik  criteria, (DRCe) 
for  Intanaa  lnpulalva  aounda1'*'*'10'11'13'*8  ara 
inadequate  froa  two  different  perapectlvea. 

Flrat,  they  fall  to  predict  haaard  accurately, 
etpeelally  for  inpulaaa  with  apaetral  paaha  in  the 
lov  fraquaney  region,  *' 28  laeond,  they  are 
inadequate  baeauaa  they  have  alnoat  no  theoretical 
baala.  Thia  lack  ia  a  aarloua  ahortoonlng  baeauaa 
it  naana  that  axiating  DRCa  can  ba  applied  with 
confidence  only  to  cheat  apeclfie  inpulaaa  uaad  in 
their  derivation.  Extrapolation  to  different 
inpulaaa  can  ba  nada  only  with  caution  and  without 
a  thaeratlcal  baala,  the  DRCa  offer  no  generally 
valid  approach  to  dealing  vitit  laauaa  Ilka  rating 
tha  atfaetlvanaaa  of  different  typea  of  hearing 
protection  or  aaaaeaing  haaard  froa  praaaura 
aaaeurenanta  nada  in  other  than  free  field 
eondltlona,  It  aleo  naana  that  axiating  DRCa  can 
verve  with  lialtad  utility  aa  the  baala  for  a 
daalgn  criterion  for  materiel,  eueh  at  tha  rne 
ueed  in  the  US  Aruy  (MIL  STD  1474(C),  Theee  and 
other  ehortcoalnga  of  axiating  criteria  have  been, 
dlacueaad  at  greater  length  in  other  papera4'16'*8 
and  will  not  be  further  developed  here, 


The  heart  of  the  problaa  faolng  tha  daalgner 
of  a  DRC  for  lapulae  nolaa  can  perhapa  be  noat 
aaaily  illuatraced  by  the  waveform  in  Figure  1, 
Tha  three  inpulaaa  in  thia  figure  (produced  by  a 
prlner,  rifle,  and  hovlttar,  reepaetlvely)  hava, 
with  the  a ana  number  of  Inpulaaa  and  the  tame 
tanporal  apaeina.  all  produoad  tha  a  ana  loaa  in 
the  cat  ear,*4'15  Yet,  it  la  eaay  to  aae  fron  an 
examination  of  tha  vavefoma  in  Figure  1,  that  tha 
neaaurea  eonnonly  ueed  in  rating  haaard,  1 . a . , 
peak  preaaure  and  a  mature  of  duration  or  energy, 
can  hardly  produce  a  racing  of  equal  haaard  for 
theee  lnpuleee, 


It  it  tha  baale  contention  of  thia  paper  that 
a  DRC  capable  of  enconpaaalng  the  behavior  of  tha 
ear  at  high  lntenaltlea  nuat  account  for  non* 
linearltiae  both  aa  a  function  of  fraquaney  (the 
ear  le  epectrally  tuned)  and  alao  aa  a  function  of  v 
intenaity  (there  ere  naebaniana  that  act  to  Unit 
large  dieplaeementt) , 14 1 *1'*3  Furthermore,  ve 
propoae  that  tueh  a  DRC,  if  it  It  to  be  applied  in 
practice,  needt  to  be  fornulatad  in  a  nannar  very 
different  fron  any  in  uaa  today.  In  etaenee,  what  . 
it  needed  le  a  nathenatloal  nodal  of  the  ear  into 
which  the  teat  aounda  can  be  "played*  and  tha 
haaard  calculated,  Kalb  and  Price8'**  *“•« 


hava  been 


Q  and  an  inereaaa  In  anplltude  with  Inereaatng 
frequency  aa  aaan  by  von  Bekeey,  Wa  baliava 
ehat  thaaa  enveiopea  ara  eharaotarlatlo  of  tha  BM 
whan  drlvan  at  high  applltudea  and  ara  tha  eane  aa 
theaa  ahapaa  actually  aaan  In  atudlaa  that  hava 
neaaured  intraeoehlaar  notion,2’ 

Tha  Haaard  Calculation 

It  la  wall  known  that  tha  prlaary  alta  for 
tha  phyalologlcal  damage  aaaoclatad  with  haarlng 
loaa  la  within  tha  atructuraa  on  tha  BM.  At  thaaa 
high  lntanaltlaa,  wa  nodal  tha  fundanantal  loaa 
proeaaa  Ilka  tha  fatlgua  of  natarlala,  kaaplng 
traek  of  tha  nunbar  of  BM  flextona,  thalr 
aaplltudai  and  tha  width  of  tha  nanbrana  at  that 
location.  (BM  width  baconaa  an  laaua  baeauaa 
atrata  la  eonealvad  aa  a  pareantaga  ehanga  In 
length),  Specifically,  wa  calculate  tha 
dieplaoementa  of  all  tha  poluta  along  tha  BM  whan 
tha  ear  la  expoaad  to  a  atlnulua,  correct  for  BM 
tfldth,  ralaa  tha  paaka  (In  nlcrona)  to  tha  2.} 
power  and  accumulate  tha  raault  aa  tha  "haaard"  at 
that  location. 

Figure  1.  Three  lnpulaaa  danonatratad  to  be 

equally  haeardoua  to  the  cat  aar.  Xn  tha  data  reported  hart  wa  foeua 

■pacifically  on  the  upward  dlaplaeananca  of  tha 


working  on  auch  a  fornulatlon  for  a  nunbar  of 
yaara  and  thla  paper  la  a  prograaa  report  on  that 
effort, 

aULttftdBl 

Tha  External  and  Middle  lara 

Briefly,  tha  nodal  la  eonealvad  In  an 
alaotro'acouatle  fern  that  la  oonformal  with  tha 
phyalologlcal  atructura  of  the  aar  (Flgura  2), 

Thla  atruoture  In  tha  nodal  la  parhapa  nora 
conplax  than  needed  to  rata  haaard)  however,  tha 
nodal  la  alao  Intended  to  pronota  phyalcal  inelght 
Into  the  procaaaaa  aaaoclatad  with  haaard.  Thua, 
wa  can  eaally  follow  tha  flow  of  energy  through 
tha  aar/nodal  aa  wa  proceed  fron  tha  free* field 
aound  praaaura,  Into  tha  aar  canal,  through  tha 
nlddla  aar,  and  Into  tha  cochlea.  Furthoraora, 
tha  nodal  haa  a  "place"  to  put  a  clrcunaural  nuff 
or  an  aar  plug,  ahould  wa  wlah  to  aocoune  for  tha 
wearing  of  haarlng  protection .  Manua  In  tha 
prograa  allow  tha  uaar  to  aat  valuta  for  AC 
different  variablaa  (langtha,  naaaaa,  atlffnaaaaa, 
ate.) . 

aUB»«-iu«BBiuUan 

Tha  annular  llganant  of  tha  atapaa 
affectively  aatabllahee  a  peak-liniting  getaway 
Into  the  coehlta.  Tha  llganant  In  tha  cat,  for 
cxanpla,  la  oapabla  of  Uniting  the  dlaplacanant 
of  tha  atapaa  to  about  o  or  •  20  nlorona. 21,23 
For  pure  tone  atlnulatlen,  peak  Uniting  can 
bacona  appreciable  at  praaauraa  In  tha  130  dB 
region  and  It  lncraaaaa  lta  affect  aa  aound 
praaauraa  rlaa  fron  thtjra,  Thla  la  a  praaaura 
region  In  which  woapona  lnpulaaa  ara  found  (133  to 
113  dB)  and  naana  that  tha  full  peak  praaauraa  ara 
alnply  not  tranaalttad  to  tha  cochlea. 

Iht,  fiaahlti 

Tha  cochlea  la  aodaled  with  a  tapered  baaller 
nonbrane  (BM)  which  baconaa  progreaalvely  nora 
conpliant  toward  tha  apex  producing  anvaiopaa  of 
traveling  wave  dlepleeenanta  that  ahow  a  changing 


Flgura  2.  Schcnatle  dlagran  of  the  nodal  fron  the 
external  aar  to  tha  cochlea,  Tha 
anargy  flowa  fron  the  top  aactlon 
(external  aar),  Into  tha  nlddla  aactlon 
(nlddla  aar)  and  finally  Into  tha 
botton  aactlon  (cochlea). 


baailar  mambrans  (toward  eha  aeala  vaatlbuli) 
because  thay  appear  to  oorralata  boot  with  tho 
damage*  and  hava  tha  additional  advantage  a f 
naklng  physiological  aanaa  aa  poaaibla  damage 
predueara.  Briefly,  tha  lataat  eeneaptiona  of 
eoehlaar  function  aaaociaea  upward  displacement 
with  forcaa  that  atratoh  critical  parta  of  tha 
organ  of  Cortl,  a. a.,  tha  tip  linka  on  tha  haira 
of  tha  hair  call*.  Civan  that  tlasu*  tanda  to 
fall  In  tanalon,  upward  dlaplacaaanra  could  wall 
ba  aapaelally  hazardous , 


Ullng-thl-Mflfr.l 

Onoa  tha  fraa  field  wav* fora  < aalaetad  fson 
a  aanu  of  available  wavaforaa ,  tha  model 
caleulatoa  tha  atapaa  diaplaeaaant  resulting  from 
tha  iapulaa  and  provide*  a  display  of  tha  two 
wavaforaa . 

ThgJtmomri  HflYit 

Tha  aodal  diaplaya  ita  final  raaulta  in  what 
haa  turned  out  to  ba  not  Juat  a  plaaaing  but  an 
axtraaaly  uaaful  faahlon,  Given  tha  atapaa 
diaplaeaaant  aa  an  input,  baailar  aaabrana 
displacements  are  calculated  for  all  (or  aalaetad) 
loeatione  along  tha  baailar  aaabrana,  Then  they 
are.  organlaed  *o  that  thay  can  bo  diaplayad 
aaquamtlally  with  tha  raault  that  a  diaplaeaaant 
novie  ef  eha  entire  aaabrana  oan  ba  viewed  aa 
though  eha  eeehloa  had  bean  unrolled  and  a  window 
inatallad  in  lea  aide.  Whan  thla  aovla  la 
correlated  with  tha  praaaura  hlatory  of  tha  pulaa 
in  air  (alaultanaoualy  an  the  aaaa  video  aoraan) , 
it  baeoaaa  poaaibla  to  aaa  Juat  what  part  ef  eha 
praaaura  wave  fora  pracaada  what  efface,  Wa  alae 
oaloulata  eha  haaard  at  tha  aaaa  elaa  and  diaplay 
it  lnaide  tha  cochlea  aa  wall,  ao  that  it  ia 
poaaibla  to  watch  lea  growth  aa  tha  iapulaa  la 
propagated  through  eha  cochlea. 

fisting .  tha-Hgi&lng..  kuJUii 

It  la  crucial  tor  eha  uaefulnoaa  of  eha  aodal 
that  It  in  fact  fit  eha  data  on  hearing  loaa,  Aa 
thla  la  written  w*  are  itlll  working  on  tha 
detalla  of  calculating  tha  haaard  function  aa  wall 
aa  adding  foaturaa  to  eha  aodal  needed  te 
reproduce  tha  ear' a  raaponaa,  Tha  focua  and  apaca 
conatralnta  of  thla  paper  do  not  allow  for  a 
detailed  praaantaelen  and  ;ioae  detalla  hava 
already  bean  published, 8,2  Briefly,  eha  aodal 
aatchaa  eha  location  of  <i  .mage  vary  wall, 
calculating  eha  aaxlaua  haaard  for  gunfire 
lapulaaa  to  be  mld-aochlaa,  ragardlaaa  at  tha 
ipeecral  peak  ef  tha  lapulaaa.  It  alao  explain* 
eha  lawar  than  expected  leaaaa  frea  lapulaaa  with 
low  apaetral  paaka,  The  aodal  haa  had  haurlatlc 
value  in  auggtaelng  that,  tor  tha  cat  data  at 
laaat,  wa  need  to  aaauaa  that  tha  aiddla  oar 
nueelea  are  continuoualy  active  in  awake 
(unanaathatlaad)  animal*.15  Perhapa  tha  boat 
auaaary  atataaant  at  thla  point  la  that  tha  nodal 
appaara  to  ba  capable  ef  fitting  all  tha  data  w* 
hava  available  and  hava  taitad, 


k New  rora  far  a  DRCT 

Given  that  tha  nodal  contlnuaa  to  rata  haaard 
relatively  accurately,  could  it  not  aarv*  aa  tha 
haaia  for  a  naw  DRC  for  iapulaa  nelaat  Wa  contend 
that  given  today's  technology  and  toaarraw'a 
promise,  tha  poaslbillty  of  a  DRC  being  enbedlad 


in  a  coapuear  pregraa  la  indeed  feasible.  Tha 
aodal  aa  dlaeuaaod  hara  haa  baan  formulated  to  run 
on  a  PC* level  eoaputar  and  oan  perform  tha 
calculations  te  rata  haaard  or  make  a  aovla  in  a 
few  alnutas.  Tha  problem  of  getting  a  wav* fora 
into  tha  eoaputar  la  also  now  getting  alaplar. 

Far  example,  various  digitising  boards  are 
available  which  will  fit  into  a  eoaputar  and  In 
affect  produce  a  hasard  meter.  So  far  as  a  user 
la  concerned,  the  procaaa  is  really  not  auch  more 
coaplax  than  uaa  of  existing  criteria.  Tha 
problems  of  getting  an  accurate  aaaauraaant  are 
still  thara,  tha  only  dlffaranea  being  that  now 
you  enter  the  procaaa  with  a  digitised  waveforn 
instead  of  a  picture  of  it. 

In  return  far  thla  slightly  greater 
complexity,  there  are  important  additional 
benefits.  There  la,  of  cauraa,  the  promise  of 
greatly  increased  accuracy;  but  tha  fact  that  tha 
nodal  la  theoretically  baaed  affars  Important 
advantages,  It  baeoaaa  a  uaaful  tool  for 
correcting  problems  by  providing  aero  than  simple 
yas  or  no  output,  It  is  poaaibla  to  aaa  Juat 
which  part  of  tha  waveforn  la  producing  tha  haaard 
and  to  focua  cerraotiva  action  in  tha  proper 
place,  Or  It  becomes  a  thaeratleal  base  upon 
which  tc  found  baale  research  programs  in  eoehlaar 
maehanlsna  or  to  build  batter  hearing  protector* 
aa  wall  aa  engineer  aafar  weapon*, 

Eragnaili 

A  preliminary  vtralon  of  this  medal  haa  bean 
provided  to  tha  mambara  ef  MATO  keaearoh  Itudy  . 
Group  6,  Final  8,  on  lmpulae  nalaa,  far  thalr  uaa 
and  tvaluatlen  aa  a  poaaibla  eandldat*  for  an 
international  DRC  far  iapulaa  nalaa,  In  tha 
aeantlne,  work  is  continuing  to  find  the  boat 
poaaibla  values  far  uaa  in  tha  modal  to  fit  tha 
graatast  range  of  data  on  hearing  leas  from 
lntanaa  Impulses.  In  addition,  wa  are  working  to 
make  tha  aodal  aa  user -friendly  aa  possible. 
Finally,  aa  a  maana  of  both  tasting  tha  modal  and 
"designing  the  problem  out,"  wa  are  conducting 
testa  te  find  method*  ef  ameliorating  tha  hasard 
from  impulse  producing  weapons  by  changing  weapon 
design. 
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